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ABSTRACT
The supernova remnant (SNR) RX J1713.7−3946 is one of the best-studied accelerators of cosmic
rays because of its strong nonthermal X-ray and gamma-ray radiation. We have analyzed accumulated
Chandra observations with a total exposure time of ∼266 ks in the northwest rim of RX J1713.7−3946.
We detect a substantially large number of point-like sources, referred to as “hotspots”, which are likely
associated with the remnant. The spectra of the hotspots are well described by an absorbed power-law
model. The spectral properties (1021 cm−2 . NH . 1023 cm−2 and 0.5 . Γ . 6) are different from
diffuse X-ray emission in RX J1713.7−3946, and the harder hotspot tends to have the larger NH . We
also confirm yearly and monthly variabilities of flux for some hotspots. We propose that RX J1713.7-
−3946 is embedded in a complex surroundings where some dense molecular clumps and cores exist
inside a wind-blown cavity, and that the hotspot traces synchrotron emission caused by an interaction
of shock waves of the SNR and dense molecular cores with a number density of 105 − 107 cm−3. The
X-ray radiation of the hotspot might be emitted from both primary electrons accelerated at the shocks
and secondary electrons produced by the interaction of accelerated protons with the cores.
Keywords: acceleration of particles — ISM: individual objects (RX J1713.7−3946) — ISM: supernova
remnants — radiation mechanisms: non-thermal — X-rays: ISM
1. INTRODUCTION
Supernova remnants are considered as the primary
accelerators of the Galactic cosmic ray with energies
smaller than the “knee” (a few PeV). The well-studied
theory of diffusive shock acceleration (DSA) (Axford
et al. 1977; Krymskii 1977; Bell 1978; Blandford & Os-
triker 1978) is widely accepted for acceleration at shock
waves of the supernova remnant (SNR). Koyama et al.
(1995) first discovered synchrotron X-ray emission in
the energy range of 0.4 − 8.0 keV radiated from elec-
trons accelerated up to multi-TeV energies in the shell
of SN 1006. The subsequent detection of synchrotron
X-rays from other SNRs, including RX J1713.7−3946
(Koyama et al. 1997), makes SNRs among the best can-
didates for studying particle acceleration. Gamma-ray
emission from SNRs that include RX J1713.7−3946 is
also detected in the range of GeV−TeV energy (e.g.,
Funk (2015) and references therein), and this supports
particle acceleration in SNRs. Accelerated protons pro-
r.higurashi@rikkyo.ac.jp, naomi.tsuji@riken.jp, y.uchiyama@rikkyo.ac.jp
duce gamma rays via decay of neutral pions produced
by collisions with ambient protons or nuclei (“hadronic
scenario”). Accelerated electrons might also generate
gamma rays by inverse Compton (IC) scattering of low-
energy photons (“leptonic scenario”). Gamma-ray radi-
ation from accelerated protons was revealed by the de-
tection of so-called “pion bumps” in middle-aged SNRs
interacting with molecular clouds (Ackermann et al.
2013; Jogler & Funk 2016), whereas no obvious evidence
has yet been found that protons are accelerated to the
knee in SNRs.
The shell-type SNR RX J1713.7−3946 (also known
as G347.3−0.5) was first discovered by ROSAT All-Sky
Survey (Pfeffermann & Aschenbach 1996). The dis-
tance was estimated to be ∼ 1 kpc by tracing the CO
lines from the associated molecular clouds (Fukui et al.
2003). Its association with one of the historical SNRs,
namely SN393, has been discussed (Wang et al. 1997;
Fesen et al. 2012). Recent measurements of the forward
shock velocity suggested the SN–SNR association, sup-
porting an SNR age of ∼ 1600 yr (Tsuji & Uchiyama
2016; Acero et al. 2017a). RX J1713.7−3946 is one
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of the best-studied objects for investigating particle ac-
celeration because of its strong non-thermal X-ray and
gamma-ray emissions.
The X-ray emission of RX J1713.7−3946 is dominated
by non-thermal radiation, i.e., synchrotron radiation
that is emitted by very-high-energy electrons acceler-
ated in the SNR shock via DSA (Koyama et al. 1997;
Slane et al. 1999; Uchiyama et al. 2003; Cassam-Chena¨ı
et al. 2004; Hiraga et al. 2005; Takahashi et al. 2008;
Tanaka et al. 2008). The acceleration efficiency was
found to be close to the maximum rate (Bohm limit)
based on the X-ray observations (Uchiyama et al. 2007;
Tanaka et al. 2008; Tsuji et al. 2019). Katsuda et al.
(2015) detected thermal X-ray components in the in-
ner region. They inferred that the thermal line emis-
sion originates from the ejecta heated by the reverse
shock, and the mass of the progenitor is estimated to be
. 20M by the composition of its ejecta. In the shell re-
gion, complex filamentary structures have been revealed
by Chandra with its superb angular resolution (0.5′′)
(Uchiyama et al. 2003; Lazendic et al. 2004). Okuno
et al. (2018) lately presented the spatially resolved spec-
troscopy of the SNR with Chandra. They showed that
the filamentary structures in the southeast (SE) have
harder spectra (Γ ∼ 2.0) than the surrounding regions,
whereas those in the southwest (SW) have relatively soft
spectra (Γ ∼ 2.7) because of the deceleration of shock
waves which are interacting with the clumpy interstel-
lar medium produced by the stellar wind of the massive
progenitor star. Recently, NuSTAR observations of the
northwest (NW) rim obtained a spatially resolved X-
ray image in the 10−20 keV energy band (Tsuji et al.
2019). The hard X-ray morphology is roughly in agree-
ment with the soft-band images of previous works.
RX J1713.7−3946 is known as a strong TeV gamma-
ray emitter (Aharonian et al. 2006, 2007), but the ra-
diation mechanism (“hadronic” and/or “leptonic”) has
been in a matter of debate (e.g., Uchiyama et al. 2003;
Aharonian et al. 2006; Tanaka et al. 2008; Ellison et al.
2010; Zirakashvili & Aharonian 2010; Abdo et al. 2011;
Fukui et al. 2012; Inoue et al. 2012; Sano et al. 2013;
Gabici & Aharonian 2014; Celli et al. 2019; H.E.S.S. Col-
laboration et al. 2018). The spatial coincidence between
the non-thermal X-ray and the TeV gamma ray may
imply that the parent particles responsible for these two
radiations are identical, i.e., electrons. The leptonic ra-
diation also seems to be favored by a hard spectrum in
the GeV energy band observed with Fermi-LAT (Abdo
et al. 2011). The observed photon index (Γ = 1.5± 0.1)
in the bandpass of Fermi-LAT is reconciled with the
IC gamma ray radiated from the electron population
with a spectral index of 2, which is expected from stan-
dard acceleration via DSA. Note that a simple modeling
with unique population of electrons fails to reproduce
the multi-wavelength spectrum (H.E.S.S. Collaboration
et al. 2018). It has lately been shown that the observed
GeV−TeV gamma-ray spectrum can be reproduced by
the hadronic scenario as well (Inoue et al. 2012; Gabici &
Aharonian 2014; Celli et al. 2019). Because RX J1713.7-
−3946 is located in a complex region in the Galactic
Plane, there exist target materials to produce pi0-decay
gamma rays through the pp interaction (see below for
details). Although deeper H.E.S.S. observations with
total live time of 164 h have been conducted, the mech-
anism of the gamma-ray radiation remains ambiguous
(H.E.S.S. Collaboration et al. 2018). There are several
ways to distinguish the gamma-ray origin, such as by
detection of synchrotron emission from a secondary elec-
tron produced by the decay of a charged pion in the pp
interaction (Huang et al. 2018) or by accurate observa-
tion around 100 TeV with Cherenkov Telescope Array
(CTA) because the Klein–Nishina effect would suppress
the leptonic emission component (Acero et al. 2017b).
The confirmation of the hadronic component would also
come from observations of neutrinos, with large volume
instruments as KM3NeT(Ambrogi et al. 2018).
RX J1713.7−3946 is located in the complex environ-
ment of ambient molecular clouds (Fukui et al. 2003,
2012). The progenitor star is expected to have exploded
in a cavity wall produced by the stellar wind from the
massive progenitor star. In this case, dense materials,
such as molecular clumps and molecular cores, could
have survived against the wind. Here, we refer to a
“clump” as a denser part inside a molecular cloud with
a number density of 103 − 104 cm−3 and a typical size
of 0.1 pc, and a “core as a much denser part inside the
clump with a number density of 105 − 107 cm−3 and
a typical size of 0.01 pc. The medium with a lower
density is thought to be swept up before the SN explo-
sion. This results in the complex surrounding which has
some molecular clumps and cores inside the wind-blown
cavity, as mentioned in Slane et al. (1999); Inoue et al.
(2012); Katsuda et al. (2015).
Shock–cloud interactions in such complex circum-
stances have been studied with magnetohydrodynami-
cal simulations. Inoue et al. (2012) revealed that the
magnetic field is amplified up to 1 mG in a small region
(∼ 0.05 pc), resulting from the SNR shock propagating
within the clumpy environment. Recently, Celli et al.
(2019) showed that magnetic field amplification occurs
at a thin region (referred to as “skin) with a size of
∼0.05 pc at the surface of the molecular clump.
Observations have been in agreement with the pic-
ture of the shock–cloud interaction in RX J1713.7-
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Figure 1. The combined flux image of RX J1713.7−3946
NW at 0.5 − 7.0 keV. Each pixel has a width of 1 arcsec.
The three white regions indicate “Inner reg”, “Shell reg”,
and “Outer reg”.
−3946(Fukui et al. 2003, 2012; Moriguchi et al. 2005;
Sano et al. 2010, 2013). Using observations with Suzaku,
Sano et al. (2015) reported a parsec-scale correlation be-
tween the intensities of the non-thermal X-ray emission
and the molecular clumps. They also found an anti-
correlation between the X-ray radiation and the molec-
ular clumps on a sub-parsec scale. This suggested that
the synchrotron X-ray intensity is indeed strong in the
surroundings of the clumps where the magnetic field is
expected to be enhanced. Okuno et al. (2018) showed
a similar anti-correlation between molecular clumps and
the photon indices of the X-ray spectra with Chandra.
The presence of a magnetic field with B ∼ 1 mG was re-
ported in small knot-like regions in the NW shell of RX
J1713.7−3946, inferred from the detection of year-scale
variability caused by a balance between the synchrotron
emission and the acceleration (Uchiyama et al. 2007).
Here, we report the detection of a significantly larger
population of point-like sources in the NW rim of RX
J1713.7−3946. In Section 2, we summarize the Chan-
dra observations. Detailed analyses and results are pre-
sented in Section 3. We discuss the physical meaning of
the newly found sources in Section 4. The conclusions
are given in Section 5.
2. OBSERVATIONS AND DATA REDUCTION
We performed observations of RX J1713.7−3946 NW
with the Chandra Advanced CCD Imaging Spectrome-
ter (ACIS)-I six times from 2005 to 2011 (Table 1). We
also made use of archival data taken in 2000. The to-
tal exposure time reached ∼ 266 ks, which allowed us
to investigate relatively faint structures. Moreover, the
seven-time observations over a span of eleven years, from
2000 to 2011, enabled us to explore both year-scale and
month-scale variability by utilizing the three observa-
tions taken in 2009. Taking advantage of the great angu-
lar (sub-arcsecond) resolution of Chandra and the accu-
mulated rich statistics, we performed a detailed analysis
of small and characteristic structures in the NW rim of
RX J1713.7−3946. All the data were reprocessed using
chandra repro with CALDB version 4.7.6 in Chandra
Interactive Analysis of Observations (CIAO) version 4.9,
provided by the Chandra X-Ray Center (CXC).
3. ANALYSIS AND RESULTS
3.1. Hotspot
We present a flux image at 0.5–7.0 keV of the NW
shell of RX J1713.7−3946 in Figure 1. This image was
generated using merge obs in CIAO, which combined
all the observations of RX J1713.7−3946 listed in Ta-
ble 1. We found many bright, point-like sources, and
conducted a detailed study to investigate the properties
of these point-like structures.
We selected 65 sources in the following procedure
and defined them as “hotspots. First, the point-like
sources were systematically picked up using wavdetect
in CIAO. In this process, we used a combined count
map in the range of 0.5–7.0 keV and a combined point
spread function (PSF) map that is weighted by an ex-
posure time of each epoch. We ran wavdetect with the
“wavelet scale of 1 and 2, which is a parameter of a ra-
dius of the wavelet function (see Freeman et al. (2002)
for details). This resulted in the detection of 154 sources.
Second, we set a criterion of the photon flux to be larger
than 1.0× 10−6 photon cm−2 s−1, reducing the number
of the detected sources to 65. The detection significance
of these 65 sources was more than 4σ. Note that sources
with photon fluxes smaller than the criterion value have
limited statistics, causing large uncertainty in the spec-
tral analysis. In this study, we analyzed in detail the
properties of the 65 hotspots, hereafter labeled as HS01
to HS65. We show their locations in the NW rim of the
SNR in Figure 2. HS01 to HS65 are labeled in the order
of their X-ray brightness. Their locations and the other
properties (obtained below) are summarized in Table 3.
Most of the hotspots were spatially consistent with the
point-like sources, whereas some showed slight spatial
extension. We could not confidently test their spatial
extension due to the poor statistics.
We confirmed that the NW shell of RX J1713.7−3946
contains many hotspot-like structures. Figure 3 illus-
trates the surface density of the hotspot, i.e., summing
the number of hotspots contained in “Shell reg, “In-
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Table 1. Chandra observations of RX J1713.7−3946 NW, CTB 37A and IC 4637
ObsID Target name Start date Pointing position Exposure A.D.†
(yyyy-mm-dd) (α [J2000], δ [J2000]) (l, b)∗ (ks) (arcmin)
736 RX J1713.7−3946 NW 2000-07-25 17:11:49.9, −39:36:14.7 347.2660, −0.1121 29.6 –
5560 RX J1713.7−3946 NW 2005-07-09 17:11:45.5, −39:33:40.0 347.2923, −0.0752 29.0 –
6370 RX J1713.7−3946 NW 2006-05-03 17:11:46.3, −39:33:12.0 347.3001, −0.0728 29.8 –
10090 RX J1713.7−3946 NW 2009-01-30 17:11:44.4, −39:32:57.1 347.2999, −0.0654 28.4 –
10091 RX J1713.7−3946 NW 2009-05-16 17:11:46.3, −39:32:55.7 347.3038, −0.0701 29.6 –
10092 RX J1713.7−3946 NW 2009-09-10 17:11:46.1, −39:33:51.6 347.3043, −0.0689 29.2 –
12671 RX J1713.7−3946 NW 2011-07-01 17:11:47.5, −39:33:41.2 347.2959, −0.0807 89.9 –
6721 CTB 37A 2006-10-07 17:14:35.8, −38:31:24.6 348.4558, +0.0879 19.9 70.3
14586 IC 4637 2014-03-07 17:05:10.5, −40:53:08.4 345.4794, +0.1403 29.6 109.8
∗Galactic longitude and latitude coordinates expressed in degrees.
†Angular distance from RX J1713.7−3946 NW with ObsID of 12671.
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Figure 2. The locations of HS01–HS65 in the NW rim of
RX J1713.7−3946. HS01 to HS11 (top 11 brightest hotspots)
are shown with their names, whereas the others are shown
with black crosses. The contour is taken with XMM-Newton
(0.5–8 keV), and the magenta regions are the same regions
shown in Figure 1.
ner reg, and “Outer reg, shown in Figure 1, divided
by their areas. The radial widths of these regions are
roughly ∼ 0.2◦ (Shell reg), ∼ 0.1◦ (Inner reg), and
∼ 0.1◦ (Outer reg), assuming the center of the SNR
being (17h13m25.2s, −39d46m15.6s) (H.E.S.S. Collabo-
ration et al. 2018). The azimuthal angle of these re-
gions from the center is ∼ 60◦. There is clearly an ex-
cess number of hotspots in the shell, which is one of
the brightest regions in the whole SNR. Because the
NW part of RX J1713.7−3946 is located in the Galac-
tic Plane, many X-ray sources likely exist both in the
foreground and background. However, we found that
the number of the hotspot is quite large in RX J1713.7-
−3946 NW, as follows. We applied the same method of
detecting hotspot-like features to the other two Chandra
observations performed in the vicinity of RX J1713.7-
−3946, namely, SNR CTB 37A and the planetary nebula
IC 4637. They are 70.3′ and 109.8′ away from the NW
rim of RX J1713.7−3946, respectively (Table 1). Note
that we extracted the source-free region for the obser-
vation of CTB 37A. The surface density of the hotspots
from these two observations are also shown in Figure 3,
labeled as “CTB 37A and “IC 4637. The larger popu-
lation of hotspots in the NW shell of RX J1713.7−3946
suggests that the hotspots could be associated with the
remnant.
We estimated the number of hotspots in the shell of
the SNR. The average of the surface density obtained
from CTB 37A and IC 4637 was ∼ 0.049 arcmin−2, and
used as background. Then, the net surface density cal-
culated from the two regions of “Shell reg” and “Inner
reg” was estimated to be 0.167 arcmin−2. If we assume
the surface density is uniform in the entire shell, simply
describes by an annulus with the inner and outer radii
of 0.2◦ and 0.5◦, respectively, the number of hotspots in
the entire shell of the SNR is estimated as ∼ 400.
3.2. Flux Image
We produced flux images in three energy bands, 0.5-
− 1.2 keV (soft), 1.2 − 2.0 keV (medium), and 2.0-
− 7.0 keV (hard). All seven epochs were combined with
merge obs, setting the bin size to 2 (i.e., one pixel cor-
responds to 1′′). The flux images of the three example
hotspots (HS01, HS04, and HS05) are shown in Figure 4.
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Figure 3. The surface density of hotspot in RX J1713.7-
−3946 NW, CTB 37A, and IC 4637. We divide the NW
region of RX J1713.7−3946 into three regions, labeled Inner
reg, Shell reg, and Outer reg, as shown in Figure 1.
As shown in the figure, there are various types of
hotspots seen differently in the different energy chan-
nels: HS01 is bright in the soft band, whereas HS05 is
dark in the soft and medium bands. This suggests that
their spectra would also vary depending on the hotspots,
which is presented in the next subsection.
medium: 1.2-2.0 keV
HS01
hard: 2.0-7.0 keV
HS01
soft: 0.5-1.2 keV
HS05
medium: 1.2-2.0 keV
HS05
hard: 2.0-7.0 keV
HS05
10 arcsec
soft: 0.5-1.2 keV
HS01
hard: 2.0-7.0 keV
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medium: 1.2-2.0 keV
HS04
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HS04
Figure 4. Flux images of the three hotspots (HS01, HS04,
and HS05 from the top), shown in the three energy bands of
0.5− 1.2 keV, 1.2− 2.0 keV, and 2.0− 7.0 keV from the left.
3.3. Spectrum
We performed spectral analysis of the hotspot. The
spectrum of each hotspot was extracted from a circu-
lar region with a radius of 5′′ using specextract in
CIAO. We then subtracted the background, which was
extracted from an annulus region with the inner and
outer radii of 8′′ and 27′′, respectively. Both the source
and background regions had the same central coordi-
nate, which was detected by wavdetect in Section 3.1.
In the following spectral analysis, we used XSPEC ver-
sion 12.9.1 included in HEASoft version 6.21. The un-
certainties in this paper indicate 1σ.
We used an absorbed (TBabs in XSPEC; Wilms et al.
(2000)) power-law model to fit the spectra. We jointly
fitted the spectra of the different epochs: we tied the pa-
rameters of the model (a photon index Γ and a column
density of interstellar absorption NH) with the all spec-
tra and set the normalization free for each epoch. Fig-
ure 5 presents the spectra of the three hotspots (HS01,
HS04, and HS05), shown with the best-fit model. In
Table 3, the results of each hotspot are summarized.
The upper and lower limits were set at a 1σ confidence
level. The flux in the energy band of 0.5−7.0 keV was
calculated for each observation, and the minimum and
maximum values are shown in Table 3. Furthermore,
because hotspots are dark at certain epochs, spectral fit
could not be well performed using all the observation
data. In this case, the fitting was performed using only
epochs in which the hotspot was bright enough, thus
only the maximum value of the energy flux is shown in
Table 3. It should be noted that some hotspots with
poor statistics were not well-fitted, and their results are
shown as “−” in Table 3.
In Figure 6, we show the NH–Γ diagram, derived from
the spectral fitting of each hotspot. Note that bright
hotspots (HS01–HS11) are highlighted with red thick
lines. Figure 6 does not include the results of hotspots
whose spectral parameters were not well constrained and
were obtained only with the upper and lower limits. The
typical values of NH of (0.7 − 1.0) × 1022 cm−2 and Γ
of 2.3–2.6 in RX J1713.7−3946 NW are shown with the
cyan region. As shown in Figure 6, the spectral features
of the hotspots substantially deviate from the typical
values. There is an anti correlation between NH and Γ:
the NH of hotspot is larger for the smaller Γ. It should
be noted that we subtracted the spectral component of
the SNR as the background. Therefore, the spectrum of
the hotspot has a pure X-ray emission from itself, and
it does not contain any emission from the remnant. We
emphasize that the spectrum of the hotspot indicates
a significantly different spectrum expected for the non-
thermal (synchrotron) radiation in RX J1713.7−3946.
The origin of these spectra is discussed in Section 4.
We also fitted the spectra of HS01, HS04, and HS05
with thermal models, Bremsstrahlung and black-body
radiation. The column density was fixed to the best-
fit value derived from using the power-law model. The
results are presented in Table 2. The power-law model
is favored inferred from the chi-squared value, although
the limited statistics do not confidently exclude the ther-
mal origin. However, the featureless spectrum and the
relatively higher temperature obtained for the thermal
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Table 2. The best-fit parameters of HS01, HS04, and HS05
HS Model∗ NH Γ/kBT Flux† (min) Flux† (max) χ2/dof
(1022 cm−2) (/keV) (10−14 erg cm−2 s−1) (10−14 erg cm−2 s−1)
HS01 PL 0.423+0.095−0.084 4.22
+0.35
−0.30 2.47
+0.45
−0.91 7.19
+0.98
−0.94 315.1/289
HS01 Bremss 0.423 (fix) 0.386+0.020−0.019 2.25
+0.58
−0.47 5.97
+0.70
−0.63 344.8/290
HS01 Bbody 0.423 (fix) 0.176+0.005−0.005 2.11
+0.52
−0.38 5.41
+0.61
−0.68 370.1/290
HS04 PL 4.42+0.49−0.45 3.37
+0.26
−0.24 4.22
+0.33
−1.01 6.90
+0.31
−1.10 188.8/186
HS04 Bremss 4.42 (fix) 1.41+0.10−0.09 3.92
+0.54
−0.67 6.40
+0.58
−0.63 200.1/187
HS04 Bbody 4.42 (fix) 0.51+0.02−0.02 3.50
+0.46
−0.51 5.60
+0.61
−0.50 239.4/187
HS05 PL 19.72+7.62−5.94 1.02
+0.78
−0.67 3.62
+0.24
−1.43 23.45
+0.41
−7.85 145.2/172
HS05 Bremss‡ 19.72 (fix) – – – –
HS05 Bbody 19.72 (fix) 1.65+0.19−0.15 3.42
+0.43
−0.64 22.91
+0.96
−2.41 145.74/173
∗PL, Bremss, and Bbody represent the models of the power law, Bremsstrahlung, and black body, respectively.
†Flux is calculated in the range of 0.5− 7.0 keV
‡The spectrum of HS05 is not able to fit with the Bremsstrahlung model.
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Figure 5. The spectrum of HS01, HS04, and HS05 from the left panel, shown with the absorbed power-law model. The
different colors represent the different epochs: the black spectrum was taken in 2011, red in September 2009, green in May 2009,
blue in January 2009, cyan in 2006, magenta in 2005, and yellow in 2000.
model might support non-thermal radiation, namely, the
synchrotron emission from the accelerated electrons (see
Section 4 for details).
3.4. Time Variation
In this section, we discuss the time variation of the
hotspots. Figure 7 presents light curves of the three
hotspots, where the brightness was calculated by sum-
ming up the flux values inside a circular region with a
radius of 5′′. The three hotspots show varying bright-
ness from time to time. We evaluated the time variabil-
ity using a chi-squared (χ2) test. The chi-squared value
is given by
χ2 =
∑
i
(fi − fc)2
σ2i
, (1)
where i, fi, fc, and σi are a subscript notating each
observation, the brightness, the constant value, and the
error of the brightness, respectively. Once the minimum
χ2 value (χ2min) is found by changing fc, we derived the
confidence to exclude the hypothesis of no time variation
from the value of χ2min. The constant value that gives
χ2min is also shown in Figure 7.
We found that 20 hotspots showed time variations at
more than 3σ confidence level, and 34 hotspots do so at
more than 2σ (see Table 3). We note that 8 hotspots
varied not only on a year-scale but also on a month-
scale with more than 3σ, inferred from the same chi-
squared test using the three data taken in 2009. The
observed time variation may contain an important key
for interpreting the origin of the hotspots: in fact a short
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Figure 6. Diagram of the column density (NH) and the
photon index (Γ) derived from the spectral fitting of each
hotspot with the absorbed power-law model. Typical NH of
(0.7 − 1.0) × 1022 cm−2 and Γ of 2.3 − 2.6 in the NW shell
of RX J1713.7−3946 are shown in the cyan region. Note
that the results of the bright hotspot are highlighted with
the thick red lines.
time variation indicates a strong magnetic field of ∼mG
intensity, as discussed in Uchiyama et al. (2007).
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Figure 7. Light curves of HS01 (shown with red squares),
HS04 (green triangles), and HS05 (blue circles). The hori-
zontal lines represent the constant values that give χ2min in
chi-squared test (see also the text).
4. DISCUSSION
Our observations revealed the significantly large pop-
ulation of hotspots in RX J1713.7−3946 NW, the trend
of the spectra (the larger NH , the smaller Γ), and the
yearly and monthly variabilities of the flux. We suggest
that the hotspots are attributed to synchrotron radia-
tion resulting in the interaction between a dense molec-
ular core and the SNR shock. An inhomogeneous envi-
ronment, where the dense core and clumps have survived
against the stellar wind from the massive progenitor
star, is possible for SNR RX J1713.7−3946. When the
SNR shock interacts with the cores, synchrotron emis-
sion is expected due to an enhanced magnetic field sur-
rounding the core (Inoue et al. 2012; Celli et al. 2019).
The timescales of synchrotron cooling and acceleration
of electrons of energy Ee are respectively given by
tsynch≈12
(
B
mG
)−2(
Ee
TeV
)−1
yr ,
≈1.5
(
B
mG
)−3/2 ( ε
keV
)−1/2
yr, (2)
and
tacc≈1η
( ε
keV
)1/2( B
mG
)−3/2 ( vs
3000 km s−1
)−2
yr.
(3)
Here B, η, and vs are the strength of the magnetic field,
the so-called gyro factor which is defined as the mean
free path of the particle divided by its gyroradius, and
the shock speed, respectively. Note that the case of η =
1 is the most efficient acceleration, know as Bohm limit.
The characteristic energy of a synchrotron photon (ε) is
given by ε ≈ 0.016(B/mG)(Ee/TeV)2 keV.
Inoue et al. (2012) showed that the penetration depth
of a particle into a dense clump due to its random walk
is described with
lpd' (κdt)1/2 ,
= 0.1η1/2
(
E
10 TeV
)1/2(
B
100 µG
)−1/2(
t
103 yr
)1/2
pc,
(4)
where t is defined as the time since the high-energy par-
ticle started penetrating into the clump. Here, κd =
4ηlgc/3pi is the diffusion coefficient
1 of a high-energy
particle with a gyroradius of lg.
We confirmed the thermal emission from the shock-
core interaction is not dominant for the case of RX
J1713.7−3946. The temperature of a proton in a
shocked core, which corresponds to the upper limit
of the temperature of electrons, is characterized by two
parameters: the speed of the transmitted shock in the
core and the number density ratio of the diffuse gas
and the core. The shock speed in the core is given by
vsh,c ≈ vsh,d × (nd/nc)1/2, where vsh,d, nd, and nc are
the shock speed in the diffuse gas, the number den-
sity of the diffuse gas, and the number density of the
core, respectively. The ambient density of RX J1713.7-
−3946 was estimated to be nd ∼ 0.01 cm−3 from X-ray
1 If we assume the diffusion in pitch angle is Dθ = pic/4ηlg ∼
c/ηlg, the diffusion coefficient becomes κd = ηlgc/3.
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observations (Slane et al. 1999; Cassam-Chena¨ı et al.
2004; Takahashi et al. 2008; Tanaka et al. 2008; Kat-
suda et al. 2015; Tsuji & Uchiyama 2016). High-density
objects such as cores and clumps are not heated enough
to emit X-rays by the transmitted shock because the
shock speed in the core is roughly hundreds of m s−1.
The timescale of plasma instability (Kelvin-Helmholtz
instability) is of the same order as the so-called “cloud-
crushing time”, tcc (Klein et al. 1994). Assuming a
cloud with a size of Lc, the cloud-crushing time is given
by tcc = Lc/vsh,c. This results in tens of thousands
of years, consistently with the estimate in Celli et al.
(2019).2 Thus, the clump survives against the plasma
instability because tcc is much longer than the age of
the SNR. Therefore, we presume that the X-ray emitted
from the hotspot is attributed to predominantly non-
thermal (synchrotron) radiation. A non-thermal origin
is also supported by the featureless spectra.
We propose two scenarios for the origin of the hotspot:
the X-ray emission originates from “primary electrons
and/or from “secondary electrons. In this paper, pri-
mary electrons indicates those accelerated by shocks
(i.e., the forward shock of the SNR and/or the reflected
shock induced by the interaction between the forward
shock and the core). Secondary electrons are those pro-
duced by the decay of a charged pion, which is one of the
products arising from the collision of very-high-energy
protons and matters in the core. We note that secondary
positrons are also taken into consideration.
In the following subsections, we discuss the two sce-
narios. Hereafter, we assume that η ≈ 1 and vs = 3900
km/s in the case of RX J1713.7−3946 NW (Uchiyama
et al. 2007; Tanaka et al. 2008; Tsuji & Uchiyama 2016;
Tsuji et al. 2019).
4.1. Hotspot Originated from Primary Electrons
When the SNR shock is interacting with the dense
core, the magnetic field is enhanced, resulting in the
strong synchrotron emission from the electrons acceler-
ated at the SNR shock. As shown in Section 3.4, 20
hotspots are variable in the temporal interval of a few
years, and 8 hotspots vary even in few months, at more
than 3σ confidence levels. The fast time variability of
the synchrotron radiation might indicate the presence of
amplified magnetic field. Indeed, B = 0.5−2.0 mG could
explain the observed year-scale and month-scale varia-
tions. Assuming ε = 0.5− 10 keV and B = 0.5− 2 mG,
we obtained tsynch = 0.2− 6.0 yr and tacc = 0.1− 5.3 yr
from Eq. (2) and Eq. (3), respectively.
2 In fact, Celli et al. (2019) used “clump crossing time”, which
is calculated as 2Lc/vsh,c ∼ 1.4× 104 years.
Substituting the synchrotron cooling time to Eq. (4),
the penetration depth of an electron is written as
lpd,e ≈ 0.026
(
B
100 µG
)−3/2
pc (5)
(Fukui et al. 2012). Note that the penetration depth is
independent on the energy of the electrons. It depends
on the amplitude of the turbulent magnetic field with
the scale of gyroradius of the electrons. Using Eq. (5),
lpd,e is roughly estimated to be 2.3 mpc (milli parsec)
for B=0.5 mG, and 0.3 mpc for B=2.0 mG.
The hotspot seems to be spatially comparable with the
size of PSF of Chandra, which is approximately 1 arcsec.
This corresponds to a radius of ∼ 5 mpc, assuming the
distance to the SNR of ∼ 1 kpc (Fukui et al. 2003).
Therefore, the radius of the X-ray bright region in the
core is smaller than 5 mpc.
The number density is typically ∼ 105 − 106 cm−3
in the core of molecular clouds. The Atacama Large
Millimeter/Submillimeter Array (ALMA) lately found
cores with number densities of ∼ 107 cm−3 in the regions
like Taurus and Orion A (e.g., Onishi et al. 2015; Ohashi
et al. 2016, 2018). We therefore assumed n = 105 −
107 cm−3 for the number density of the core.
The column density (N) is described as
N = n× lpd,e +NH,LOS, (6)
where the first and second terms account for the column
density of the core and the line-of-sight column density,
respectively. Here, NH,LOS is assumed to be the col-
umn density observed in the central region of the SNR,
0.4 × 1022 cm−2 (Cassam-Chena¨ı et al. 2004), because
the central part is assumed to be less contaminated by
the swept-up ISM than the shell region, and thus ex-
pected to have the information of the wind-blown cavity.
Figure 8 illustrates the relation between the estimated
column density (N) and lpd,e, assuming nc of 10
5, 106,
and 107 cm−3. In Figure 8, the penetration depth of
an electron into magnetic fields of 0.5 mG, 1.0 mG, and
2.0 mG are shown with the solid, dotted, and dashed
vertical lines, respectively.
In the case of a strong magnetic field (B=0.5 mG),
lpd,e was calculated to be ∼2.3 mpc. This would result
in a column density of N ∼ 1 × 1023 cm−2 for nc =
107 cm−3 (Eq. (6)), which is roughly consistent with
the observed values. Note that a lower column density,
N . 1×1022 cm−2, is obtained for nc = 105−106 cm−3.
In the case of a very strong magnetic field (B=2 mG),
lpd,e becomes ∼0.3 mpc, which is much smaller than the
size of the core. In this case, the electron cannot deeply
penetrate to the core because it would quickly lose its
energy in the skin of the core. This reduces the column
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density to N . 1 × 1022 cm−2 in the case of nc = 105-
− 107 cm−3.
The spectral analysis shows that most of the hotspots
are characterised by the low NH and large Γ (Figure 6).
This can be interpreted as acceleration in the reflection
shock caused by the interaction between the forward
shock and the clump. The spectrum of electrons ac-
celerated in the reflection shock becomes steeper due to
the low Mach number of the reflection shock (see Inoue
et al. (2012) for details).
In summary, for the hotspot originating from primary
electrons, the observed properties of the hotspot are
interpreted as follows. The rapid flux variation is ex-
plained by the amplified magnetic field of 0.5–2 mG.
The larger NH is interpreted as the deeper penetration
depth in the B = 0.5 mG case, whereas the smaller NH
might be indicative of the shallower penetration depth
in a very strong magnetic field of 2 mG. Furthermore,
the observed higher Γ might be caused by the reflection
shock with the lower Mach number.
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10 1
100
101
co
lu
m
n 
de
ns
ity
 [1
02
2 c
m
2 ] nc = 10
5 cm 3
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Figure 8. The estimated column density as a function
of the penetration depth, assuming the number density of
the core of 105, 106, and 107 cm−3 and using Eq. (6). The
vertical red-solid, magenta-dotted, and blue-dashed lines re-
spectively represent the penetration depth of an electron in
magnetic fields of 0.5 mG, 1.0 mG, and 2.0 mG using Eq. (5).
The observed column density (NH = (0.1−20)×1022 cm−2)
is shown in the green region.
4.2. Hotspot originated from secondary electrons
The hotspots, the hard hotspot in particular, are likely
attributed to the secondary electrons that are produced
via the shock-cloud interaction. We assume the same
penetration depth of the secondary electrons as that of
protons. The hardest hotspot tends to have the largest
column density, as shown in Figure 6. The spectrum of
high-energy protons in the core is expected to be harder
since low-energy protons do not penetrate the clump
deeply, and only very-high-energy protons are capable
to reach the core (Gabici & Aharonian 2014; Celli et al.
2019). Therefore, one expects the harder spectrum of
the secondary electrons produced via the shock-clump
interaction, and also the harder spectrum of the syn-
chrotron radiation from the secondary electrons, which
is reconciled with the observed small Γ.
The timescale of proton-proton (pp) interaction is
characterized by tpp ∼ 6 × 107(n/1 cm−3)−1 yr with
the number density of the target matter of n.3 In the
case of n ∼ 107 cm−3, tpp is ∼6 years, which is roughly
consistent with the observed year-scale variability. Fur-
thermore, the timescale of pp interaction is less than
the age of RX J1713.7−3946, given n = 105−107 cm−3.
Substituting the timescale of pp interaction to Eq. (4),
we derive the penetration depth of the proton,
lpd,p ∼
7.7
(
Ep
10 TeV
)1/2(
B
100 µG
)−1/2 ( n
107 cm−3
)−1/2
mpc,
(7)
where Ep is the energy of the proton. Note that lpd,p
depends on the number density of the core.
In the case of the core with n = 107 cm−3, an energy
of about 40 TeV is required for a proton to reach the
vicinity of the center of the core, assumingB =1 mG and
lpd,p ∼5 mpc in Eq. (7). This results in a column density
N of ∼ 1023 cm−2, which is roughly consistent with the
observed larger NH . The energy of the proton should be
less than 200 TeV, otherwise the proton passes through
the core without pp interaction because of the longer
penetration depth than the size of the X-ray emitting
region (i.e., lpd,p ≥ 10 mpc). Protons with energy of∼40
TeV (≤200 TeV) can produce the secondary electron
responsible for the synchrotron radiation in the X-ray
energy band.
In the case of the core with n = 105 cm−3, the pro-
ton energy of about 0.4 TeV is required to reach the
vicinity of the center of the core, assuming B =1 mG
and lpd,p ∼5 mpc in Eq. (7). The energy of the pro-
ton should be less than 2 TeV in order to trigger the
pp interact within the X-ray emitting region. For pro-
tons with energy of ∼0.4 TeV (≤2 TeV), the energy is
too low to produce the secondary electron responsible
for the synchrotron radiation in the X-ray energy band.
Therefore, the very large density of n = 106–107 cm−3
3 In the derivation of tpp, we used the values of ∼ 40 mb and
0.45 for the cross section and inelasticity, respectively (Aharonian
& Atoyan 1996).
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is preferred for the hard hotspot in the scenario of sec-
ondary electrons.
In the following, we estimate the synchrotron energy
flux emitted from secondary electrons in order to verify
the consistency with the observations. The observed flux
of the hard hotspot is ∼ 10−15–10−14 erg cm−2 s−1, as
derived in Section 3.3.
The energy density of protons in the SNR is described
by
Up =
Kp
V
, (8)
Kp = ξESN = ξ × 1051 erg. (9)
Here Up, Kp, V , ξ, and ESN are the energy density of
protons, the total energy of protons filled in the volume
of the SNR, the volume of the SNR, the fraction of the
kinetic energy transferred from the supernova explosion
to protons with energy of 10−1000 TeV, and the typical
kinetic energy of supernova explosion, respectively. Sup-
pose that the protons have the power-law distribution of
N(E) ∝ E−2, ξ is derived from the fraction (∼33%) of
energy occupied by the protons from 10 TeV to 1 PeV in
the total energy range from 1 GeV to 1 PeV. This results
in ξ ≈ 10% × 33% ≈ 0.033. Note that we assumed the
typical fraction of the kinetic energy transferred from
the supernova explosion to accelerated protons was 10%.
The radius of the remnant is ∼30 arcmin, which corre-
sponds to ∼ 9 pc, assuming d = 1 kpc (Fukui et al.
2003). If the cosmic-ray protons are isotropically dis-
tributed inside the remnant, the total energy of protons
contained in the X-ray emitting region is calculated by
Wp = Up × 4
3
piR3, (10)
where R is the radius of the X-ray emitting region,
namely the core (R = 5 mpc). The synchrotron flux
emitted by secondary electrons in the characteristic
timescale τ is then given by
FX =
ζWp
4pid2τ
(11)
∼8× 10−20
(
ξ
1
)( n
1 cm3
)
erg cm−2 s−1. (12)
We assume that the fraction of the energy transferred
from primary protons to secondary electrons (ζ) is 0.1,
and the timescale (τ) is comparable with the timescale
of pp interactions, τ ∼ 6 × 107(n/1 cm−3)−1 yr. We
also assume that secondary electrons lose all their energy
by synchrotron X-ray radiation in the amplified strong
magnetic field.
In the case of n = 106 − 107 cm−3 and ξ = 0.033,
Eq. (12) yields FX ∼ 10−15 − 10−14 erg cm−2 s−1,
which reproduces the observed flux level. In the case
of n = 105 cm−3, ξ should be ∼ 0.33 to reach ∼
1015 erg cm−2 s−1. ξ ∼ 0.33, however, is unrealistically
large since typical fraction of the kinetic energy trans-
ferred from supernova explosion to accelerated protons
is ∼ 0.1. We also argued that n = 105 cm−3 is not
likely applicable because the expected energy of the pro-
ton inside the core is lower for producing the secondary
electron responsible for the synchrotron X-ray.
If the hotspots originate from secondary electrons,
one expects the hadronic gamma-ray radiation produced
from the same protons. It is challenging but very in-
teresting to observe the hadronic gamma-ray radiation
from the hotspot and compare it with the X-ray prop-
erties. The current gamma-ray telescopes, with the lim-
ited angular resolution, make it unrealistic to detect sub-
arcsec structures of the hotspots. CTA, however, will
provide much better spatial resolution and sensitivity,
and allow us to access the gamma-ray information of the
hotspots. Neutrino observations may also contribute to
this study of revealing the hadronic component.
5. CONCLUSIONS
Using Chandra observations of the NW rim of SNR
RX J1713.7−3946, we report, for the first time, the de-
tection of a bunch of hotspots likely associated with the
SNR. The spectra of the hotspots are well described by
an absorbed power-law model with widely distributed
parameters of NH ∼ 1021 − 1023 cm−2 and Γ ∼ 0.5− 6.
These parameters show the larger NH for the smaller Γ,
and are completely different from those in the remnant.
We also found that X-ray intensities of about one-third
of the 65 hotspots were variable on a yearly scale, and
8 hotspots showed monthly variabilities. We suggest
that these hotspots are attributed to the synchrotron
X-ray radiation resulting from the interaction between
the SNR shock and the dense molecular cores. The syn-
chrotron radiation in the shock-core interaction orig-
inates from the accelerated electrons interacting with
the core (primary electron origin) and/or electrons pro-
duced via accelerated protons colliding with the core
(secondary electron origin).
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